Abstract -We present the long-term statistics of the GPS phase scintillation in the polar region (70°-82°m agnetic latitude) by using the GPS scintillation data from Ny-Ålesund for the period 2010-2017. Ny-Ålesund is ideally located to observe GPS scintillations modulated by the ionosphere cusp dynamics. The results show clear solar cycle and seasonal variations, with the GPS scintillation occurrence rate being much higher during solar maximum than during solar minimum. The seasonal variations show that scintillation occurrence rate is low during summer and high during winter. The highest scintillation occurrence rate is around magnetic noon except for December 2014 (solar maximum) when the nightside scintillation occurrence rate exceeds the dayside one. In summer, the dayside scintillation region is weak and there is a lack of scintillations in the nightside polar cap. The most intriguing features of the seasonal variations are local minima in the scintillation occurrence rate around winter solstices. They correspond to local minima in the F2 peak electron density. The dayside scintillation region migrates equatorward from summer to winter and retreats poleward from winter to summer repetitively in a magnetic latitude range of 74°-80°. This latitudinal movement is likely due to the motion of the cusp location due to the tilt of the Earth's magnetic field and the impact of the sunlight.
Introduction
Our modern society can be highly affected by space weather. One of the most important space weather effects is the scintillation of trans-ionospheric radio signals. Ionospheric scintillation can strongly degrade the satellite based communication and navigation systems. When a satellite signal passes through irregularities in the ionosphere, the signal received on the ground exhibits random fluctuations in both amplitude and phase. These fluctuations are referred to as amplitude and phase scintillations, respectively (e.g. Yeh & Liu, 1982; Kintner et al., 2007 and references therein) .
The phenomenon of ionospheric scintillation was reported as early as in 1946 (Hey et al., 1946) , and it has been extensively studied since the launch of artificial satellites. Early studies using VHF/UHF signals revealed the global morphology of ionospheric scintillations, namely that the scintillations are frequently observed near the magnetic equator and at high latitudes (Aarons, 1982; Rino et al., 1983; Basu et al., 2002; Wernik et al., 2003) . In this paper we address the ionospheric scintillation at high latitudes.
Since the beginning of the GPS era, there have been many studies of the ionospheric scintillation at high latitudes based on the GPS signal. Some studies focused on specific ionospheric phenomena such as polar cap patches (Mitchell et al., 2005; Jin et al., 2014 Jin et al., , 2016 van der Meeren et al., 2014; Wang et al., 2016) , auroral blobs on the nightside (Jin et al., 2014 (Jin et al., , 2016 , the dayside cusp aurora with Poleward Moving Auroral Forms (PMAFs) (Jin et al., 2015; Oksavik et al., 2015) , periods of enhanced dayside and nightside reconnection , cusp dynamics in association with the production of polar cap patches when solar EUV ionized plasma is entrained into the polar cap , and hot patches in the polar cap (Zhang et al., 2017) . Other studies focused on the statistical scintillation climatology maps (e.g. Spogli et al., 2009; Alfonsi et al., 2011; Prikryl et al, 2011 Prikryl et al, , 2015 , and their response to the solar flares (Priyadarshi et al., 2016) and solar wind variations (corotating interaction regions or interplanetary coronal mass ejections, e.g. Prikryl et al., 2012) . Both global and local studies contribute towards a better understanding of the scintillating structures and the forecasting of the ionospheric scintillation activity.
The ionospheric scintillation exhibits considerable variability in space and time, which depends on many factors, such as latitude, local time, season, solar and magnetic activity (Basu et al., 2002; Wernik et al., 2003) . Although GPS scintillations at high latitudes have been studied for more than three decades (Weber et al., 1986; Basu et al., 1988; Aarons et al., 2000; Mitchell et al., 2005; Spogli et al., 2009; Prikryl et al., 2010; Jin et al., 2014) , there is no study that demonstrates the solar cycle dependence of GPS scintillations in the Polar Regions.
Prior to the GPS era, the solar activity dependence of ionospheric scintillations was studied by Aarons et al. (1981) and Basu et al. (1988) ; they investigated the amplitude scintillation using a satellite beacon at 250 MHz at Thule. However, those studies used a much lower frequency than the GPS signal. As a result, the intensity fades due to amplitude scintillations are more frequent at 250 MHz than those at GHz for the GPS signals. Furthermore, Thule is a station located in the polar cap (83°magnetic latitude (MLAT)), where the diurnal variation of the scintillation data from a single satellite is virtually absent (Basu et al., 1987) . Nowadays, the GPS scintillation data, with up to 12 GPS satellites available simultaneously, allow for a much larger spatial coverage. Therefore, it is possible to study the diurnal and spatial variations of the scintillation activity and their dependence on the solar cycle as well as to increase our understanding of the high latitude ionospheric scintillation.
The seasonal variations of GPS phase scintillations at high latitudes have been reported to show a high scintillation activity in winter and low activity in summer (e.g. Li et al., 2010; Prikryl et al., 2015) . In the present study we expand the time period including both solar minimum and solar maximum to reveal some new features of the GPS phase scintillation at high latitudes. We find an unexpected drop in the scintillation activity close to winter solstices and we relate this decrease of the ambient electron density.
The main purpose of this study is to explore the long-term statistics (the solar cycle and seasonal variations) of the GPS phase scintillations in the polar ionosphere (above 70°MLAT) and identify factors, which control the scintillation activity, with emphasis on the impact of the sunlight. It should be noted that the GPS scintillation data have been recorded at Ny-Ålesund, Svalbard, i.e. in the European Arctic Sector. Svalbard is a particular ideal location to study the daytime cusp auroral dynamics and production of polar cap patches around magnetic noon (Sandholt et al., 1998; Moen et al., 2001a Moen et al., , 2008 . During magnetic substorms, polar cap patches exiting the polar cap into the auroral oval can be observed around magnetic midnight (Lorentzen et al., 2004; Moen et al., 2007 Moen et al., , 2015 Jin et al., 2014) .
Instrumentation and data description
In this study, we use data from one GPS scintillation receiver and a dynasonde in Svalbard. Furthermore, the solar sunspot number and the hourly OMNI solar wind data (interplanetary magnetic field (IMF) and solar wind velocity) are used to assist the data analysis.
The GPS scintillation receiver
The GPS scintillation receiver has been operated on the roof of the Sverdrup Research Station at Svalbard (78.9°N, 11.9°E; 76.6°MLAT) by the University of Oslo since December, 2009. The receiver is the standard GPS Ionospheric Scintillation/Total Electron Content (TEC) Monitor (GISTM), model GSV4004 (Van Dierendonck et al., 1993) . The GISTM can compute and record the amplitude (S 4 ) and phase scintillation indices (r / ) over 1 min intervals based on 50 Hz measurements of the received power and carrier phase at the GPS L1 frequency (1.57542 GHz). We use an elevation cutoff angle of 20°to minimize the multi-path effect, which is enough for the GPS data from Ny-Ålesund (e.g. Spogli et al., 2009; Jin et al., 2015) . The vertical phase scintillation index (r / ) can be calculated from the slant phase scintillation indexr / el ð Þ at a certain elevation angle (el) using the following formula (e.g. Alfonsi et al., 2013; Spogli et al., 2013; Rino, 1979) :
where F(el) is the obliquity factor defined as:
where R E is the Earth radius and H IPP is the height of the Ionospheric pierce point (350 km in this study). The exponent a is assumed to be 0.5 (Spogli et al., 2009 ).
The ESR dynasonde
To present the background ionospheric condition, we choose to use the NmF2 data from the dynasonde that was located near the European Incoherent SCATter (EISCAT) Svalbard Radar (ESR) site at Longyearbyen, Svalbard (78.15°N, 16.02°E; 75.4°MLAT). The dynasonde was operated from September 2009 until it was decommissioned in June 2015. In contrast to the ESR, which is only operated occasionally, the dynasonde was operated continuously and the data were routinely available. For this reason, the dynasonde data are particularly useful in the present study, which focuses on the long-term behavior of the ionosphere. The dynasonde measured, among other parameters, the F2 layer critical frequency (foF2) (e.g. Zabotin et al., 2006; Rietveld et al., 2008) . The temporal resolution of foF2 varied from 2 min to 6 min during the operation. The temporal resolution was generally 6 min from January 2010 to November 2013, and it was 2 min afterwards.
The F region peak electron density (NmF2) can be obtained from the critical frequency as follows (see e.g. Breed & Goodwin, 1997):
2 where foF2 is the F2 layer critical frequency in MHz, and NmF2 is in unit of m À3 . Due to questionable data quality by the end of the dynasonde's commission phase, we only use the NmF2 data from January 2010 to May 2015.
The sunspot number and hourly OMNI solar wind data
Since we present the ionospheric data from different phases of the solar cycle, it will be instructive to use the sunspot Y. Jin et al.: J. Space Weather Space Clim. 2018, 8, A48 number as an indication of the solar activity and the solar cycle. We use the monthly sunspot data from the World Data Center SILSO, Royal Observatory of Belgium, Brussels. The sunspot number is often used as an indicator of the solar activity and in particular, to monitor the solar cycle variation (e.g. Hathaway, 2015) .
Since the status of the polar ionosphere is strongly affected by the solar wind and IMF conditions via the solar windmagnetosphere-ionosphere coupling, we use the Kan-Lee electric field (E KL = V · B T · sin 2 (h c /2)) as the solar windmagnetosphere-ionosphere coupling function to monitor the long-term solar wind forcing (Kan & Lee, 1979) . In the formula of E KL , V and B T are the hourly solar wind speed and IMF strength, respectively, and h c is the IMF clock angle. The clock angle (h c ) is defined as the angle between the Z-axis and the projection of the IMF vector onto the Y-Z plane of the geocentric solar magnetospheric (GSM) coordinate system (h c ¼ arctan
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). The IMF and solar wind data are taken from the hourly OMNI data set (King & Papitashvili, 2005) .
3 Results and discussion
GPS phase scintillation climatology
To provide the context for the study and present the field of view, we show in Figure 1 the climatology map of the GPS phase scintillations. The GPS data are obtained from the Ny-Ålesund station from January 2010 to December 2017.
The ionospheric piercing points are projected onto the altitude of 350 km. The GPS data are divided into bins defined by 1 hour magnetic local time (MLT) and by 2°MLAT. In addition, the Feldstein auroral oval (IQ = 3 for moderate geomagnetic activity) is also plotted to indicate the location of the auroral region (Holzworth & Meng, 1975) . Figure 1a shows the number of data points in each bin. One can see that the number of data points is highest (up to 3.8 · 10 5 ) in bins between 74°and 76°MLAT. To make a good statistics, we only show bins with more than 4 · 10 4 data points.
Figure 1b-d shows the occurrence rates of weak (0.1-0.25 rad), moderate (0.25-0.5 rad), and strong (>0.5 rad) GPS phase scintillations. The scintillation occurrence rate is defined as 100 · N(r / )/N tot , where N(r / ) is the number of data points, for which the phase scintillation index is within a certain range of values (i.e. 0.1-0.25, 0.25-0.5, >0.5 rad) and N tot is the total number of data points in the bin. When comparing with the Feldstein auroral oval, the field of view of our data covers the cusp region on the dayside around magnetic noon, while at night during normal conditions it covers the polar cap and a small part of the nightside auroral oval. Figure 1b shows that weak GPS phase scintillations are most frequent around magnetic noon near the nominal cusp (~76°MLAT). Jin et al. (2015) showed that the GPS phase scintillations on the dayside are closely collocated with the cusp region, independent of the scintillation strength and IMF orientation. The spread of the dayside scintillation region is likely due to the dynamic variation of the cusp location due to changing IMF and solar wind conditions and due to the balance between the dayside and nightside reconnections Lockwood et al., 2005) . The region with the enhanced dayside scintillation occurrence rate also extends to the postnoon polar cap around 80°MLAT. Besides, the scintillation occurrence also shows a slight enhancement around the magnetic midnight below 76°MLAT. However, the occurrence rate of weak scintillations is much higher around noon than those around midnight. As the GPS phase scintillation level increases (Fig. 1c-d) , the dayside scintillation region moves equatorward and shrinks in size, while the nightside scintillation region expands in size and becomes more dominant around pre-midnight. Figure 1d shows that the area of the nightside scintillation region is larger than the dayside one and the occurrence rate becomes comparable with the corresponding dayside region. It should be noted that the scintillation distribution around midnight resembles the distribution of polar cap patches exiting the polar cap into the nightside auroral oval . This feature has been addressed by Jin et al. (2014 Jin et al. ( , 2016 and van der Meeren et al. (2015), and it was found that the GPS phase scintillation level is significantly enhanced when the polar cap patches exit into the nightside auroral oval.
The scintillation climatology in Figure 1 reveals a region of frequent scintillation occurrence near the magnetic noon at the footprint of magnetospheric cusp (see e.g. Spogli et al., 2009; Prikryl et al., 2011; Jin et al., 2015) . The cusp ionosphere is recognized as an active region with structured electric fields, soft particle precipitation, large plasma flows, and intense auroral dynamics due to the dynamical coupling within the solar wind-magnetosphere-ionosphere system (e.g. Carlson, 2012; Moen et al., 2013 and references therein). It plays an important role in the formation of large-scale ionization structures, i.e., polar cap patches (see e.g. Moen et al., 2006; Zhang et al., 2013) . Basu and coauthors were the first to study plasma structuring and scintillation under the influence of the dayside cusp aurora using ground-based instruments (e.g. Basu et al., 1998) . Both Gradient Drift Instability (GDI) and Kelvin-Holmholtz Instability (KHI) have been proposed to explain the plasma structuring (e.g. Basu et al., 1990 Basu et al., , 1991 . The GDI works when the electron density gradient is parallel to the drift velocity of a plasma patch, while the KHI is operative when a velocity shear is present and the irregularities can be created around boundaries of velocity shears, independent of the shear direction (Keskinen & Ossakow, 1983; Keskinen et al., 1988) . These two instabilities have recently been investigated by using radars and in-situ measurement (see e.g. Carlson, 2012; Moen et al., 2012; Oksavik et al., 2011 Oksavik et al., , 2012 Spicher et al., 2015) . The dayside cusp often acts as a hard target for coherent scatter HF radars, i.e., the HF radars observe the collocation of the HF scatter and the cusp aurora (Milan et al., 1998; Moen et al., 2001b) . This indicates that there exist electron density irregularities at decameter scale in cusp auroral region which can backscatter the HF signal. In order to explain the cusp HF backscatter irregularities, Moen et al. (2002) quantified the growth rate of the GDI by using ionospheric tomography and radar data. By using the high-resolution in-situ data from a sounding rocket, Moen et al. (2012) demonstrated that GDI is indeed operative in the cusp ionosphere on time scale of one minute. Frequent observations of mesoscale flow shears in the cusp ionosphere indicate that the KHI is also a candidate in creating plasma irregularities Rinne et al., 2007) . This led Carlson and coauthors to propose a two-step process to explain the rapid onset of plasma irregularities in the cusp ionosphere, where the KHI first rapidly structures the entering plasma, after which the GDI works on large-scale structures created by the KHI, and produces smaller scale irregularities . Jin et al. (2017) presented a case study in which two close points (~110 km apart) observed obvious different TEC gradients. This indicates that flow shears in the cusp ionosphere play a role in initializing the plasma structures. Therefore, both GDI and KHI need to be regarded as generators for GPS scintillations in the dayside cusp ionosphere (Jin et al., 2015 Oksavik et al., 2015) . In addition to the plasma instability processes, the structured particle precipitation may create several km scale density gradients, and consequently the GDI can work on these density gradients to produce smaller scale irregularities . Thus the structured particle precipitation may initialize GPS scintillations in the dayside cusp region as well Moen et al., 2002 Moen et al., , 2012 Jin et al., 2015; Oksavik et al., 2015) .
The solar cycle variation of GPS phase scintillations
Having presented the scintillation climatology map as a context of the present study, we now show the diurnal and seasonal variations of the GPS phase scintillation. Since we use GPS data from January 2010 to December 2017, i.e., data from different phases of the solar cycle, we present the monthly sunspot number in Figure 2a as a measure of the solar activity and a guidance for the solar cycle. The sunspot number was very low until the end of year 2010, while it increased very rapidly in 2011 and reached a relative maximum (139 sunspots) in November 2011. A second abrupt increase of the sunspot number happened after the autumn equinox of 2013 and reached a maximum (146 sunspots) in February 2014. Then the monthly sunspot number remained above 100 until the beginning of 2015, after which it gradually decreased. The solar cycle 24 started in 2008 and remained at its minimal activity in 2010. As our GPS scintillation data started in 2010, we use year 2010 as the representative for the solar minimum condition, and we take year 2014 as the solar maximum condition.
We divide the GPS scintillation data into bins defined by 1 h MLT and by one month in time and show the GPS phase scintillation occurrence rate in Figure 2b . This is equivalent to integrating the monthly climatology maps along MLAT.
Not surprisingly, the long-term statistics of the GPS phase scintillation at high latitudes reflects the solar activity, i.e., the high scintillation activity in the winters of 2013-2014 and 2014-2015 was well connected to the high solar activity as indicated by the monthly sunspot number in Figure 2a . Figure 2b shows a high scintillation occurrence rate during the period 2014-2015 which is during the solar maximum in solar cycle 24. It is also interesting to note that the scintillation occurrence rate is most prominent at the beginning of the declining phase of the solar cycle, which is similar to the occurrences of geomagnetic storms (Tsurutani et al., 2006) . In Section 3.8, we will show the occurrence rate of the Kan-Lee electric field of larger than 2 mV/m, which is also more prominent during the declining phase of the solar cycle. The scintillation occurrence rate is also clearly enhanced at the end of 2011 when the monthly sunspot number is high. The scintillation occurrence rate is low from 2010 to the autumn equinox of 2011 as well as after the spring equinox of 2016 when the solar activity is low.
To the authors' knowledge, there have been two studies so far on the solar activity dependence of the ionospheric scintillation at high latitudes (Aarons et al., 1981; Basu et al., 1988) . Aarons et al. (1981) compared the amplitude scintillation data during two distinct periods: 1975 (low solar activity) and 1979 (high solar activity). The measurements were performed at Thule Air Base, Greenland from a satellite beacon at 250 MHz. They observed very high scintillation levels in 1979 and much lower levels in 1975, and they related this striking contrast to the variations of the F layer electron density during different solar activity. Basu et al. (1988) presented the occurrence of amplitude scintillation at 250 MHz for the period 1979-1986, also by using data from Thule. They observed a clear solar cycle variation of the amplitude scintillation, where the amplitude scintillation occurrence decreased significantly from solar maximum (1979) to solar minimum (1986). It was noted that the scintillation occurrence decreased very abruptly when the sunspot number dropped from above 100 to below 100. In Figure 2 , we also see a significant decrease by a factor of 4.5, from 23% in solar maximum (2015) to about 5% (at the end of 2017).
Seasonal variation of the GPS phase scintillations
There is an evident seasonal variation of the GPS phase scintillations, with high scintillation occurrence rate during winter and low occurrence during summer. The active scintillation regions are generally confined between the autumn and spring equinoxes (dashed and solid vertical lines in Fig. 2) . The solar elevation angles of 0°and 30°are presented with white curves in Figure 2b to show the impact of the sunlight on the GPS phase scintillation occurrence rate. The observation is in darkness during winter and it is in sunlight during summer. It is clear that the low scintillation occurrence rate and the high solar elevation angle (30°) match very well.
The seasonal differences in the scintillation occurrence rate are most evident during the solar maximum (2014) (2015) , while the difference is much weaker during the solar minimum (e.g. in 2010). The winter scintillation occurrence rate is much reduced during solar minimum conditions; however, the scintillation occurrence rate is relatively unchanged in the summer periods (except for the high scintillation activity in the summer of 2015). This indicates that the solar cycle modulates the formation of the irregularity power, which produces scintillations, differently between summer and winter.
The most interesting and unexpected feature in Figure 2b is the decrease of the scintillation occurrence rate around the winter solstice (December and/or January). The winter minimum in the scintillation occurrence rate is more pronounced when the monthly sunspot number is greater than 50. This feature can also be seen in Figure 2c for the averaged scintillation occurrence rate (blue) and it is particularly clear for the noon time occurrence rate (magenta). This feature is also perceptible in the amplitude scintillation by Basu et al. (1988) , but it has not been noticed nor reported before.
Diurnal variation of the GPS phase scintillations
The climatology map (Fig. 1) revealed that the scintillation occurrence rate peaks around the magnetic noon and midnight. Thus, in Figure 2c , we show, as a function of time, the scintillation occurrence rate around the magnetic noon and midnight in magenta and black lines, respectively. As it was observed in Figure 1b , the scintillation occurrence rate is generally higher around the magnetic noon than at the nightside in the considered latitude (above 70°MLAT).
The same feature is particularly clear in Figure 2c during the solar minimum summer condition. As the solar activity increases, the winter scintillation occurrence rate around magnetic midnight becomes comparable to those around the magnetic noon. For example, during October and November, 2011 and October to December, 2014, the nightside scintillation occurrence rate increased significantly to become comparable to that on the dayside. This implies that the nightside scintillations are more sensitive to the variation in the solar activity.
During summer, the scintillations are only present around magnetic noon. However, the cusp signature of the noon time scintillation becomes very faint. Besides the scintillation region near the nominal cusp, the scintillation at night is much reduced as compared to those during winter. There is often a lack of scintillations in the summer night. Since the GPS data recorded at Ny-Ålesund are mainly in the polar cap at night, this implies that there are only very limited irregularities in the nightside polar cap during summer for the period of the study.
Latitudinal variation of GPS phase scintillations
Next we show the seasonal variation of the GPS scintillations as a function of MLAT. Figure 3a shows the monthly sunspot number to again provide indication about the solar cycle. We further divide the scintillation occurrence rate around the magnetic noon and midnight and divide the scintillation data into bins defined by 1°MLAT and by 1 month. Figure 3b shows the scintillation occurrence rate for the interval 10-14 MLT as a function of MLAT and month. This is equivalent to averaging the monthly climatology maps over 4 h around magnetic noon (10-14 MLT). Similar to the data presented in Figure 2b , the scintillation occurrence rate is highest during winter. The regions of high scintillation occurrence during winter are well defined in MLAT (74°-80°) as compared to the weak scintillation signature during summer. An interesting feature is that the regions of high scintillation occurrence rate move equatorward from autumn equinoxes to winter solstices and retreat poleward from winter solstices to spring equinoxes. This pattern was repetitive from one year to another. The MLAT range varies from 80°around equinoxes to 74°around winter solstices and it does not change with the solar cycle. Jin et al. (2015) showed that the GPS phase scintillation on the dayside is collocated with the cusp aurora. If we consider the dayside scintillation region as a proxy of the cusp location, the equatorward motion of the scintillation region indicates the equatorward migration of the cusp location from autumn to winter. The cusp location is very variable and strongly depends on the solar wind and IMF conditions as well as the balance between the dayside and nightside reconnections (see e.g. Newell et al., , 2006 Moen et al., 2004; Lockwood et al., 2005 , and references therein). Furthermore, the cusp location also varies with the Earth's dipole tilt angle (and hence with the season). studied the latitude of the cusp location using DMSP satellites and found a latitudinal difference of 4°between summer (higher latitude) and winter (lower latitude). This can partly explain the equatorward migration of the statistical location of the scintillation region around noon. Another contribution comes from the sunlight. The white curves in Figure 3b present the solar elevation angles of 0°and 30°. Figure 3b shows that the solar elevation angle of 0°moves equatorward from autumn equinoxes to winter solstices. The solar EUV produced E region is supposed to short-circuit the F region irregularities and therefore reduce the scintillation occurrence rate . As a result, the scintillations in the dark cusp are supposed to occur more frequently than those in the sunlit cusp. For the time periods away from the winter solstice, the scintillations in the dark cusp (which is at higher latitudes) contribute more to the statistics than those in the sunlit cusp (which is at lower latitudes). This can also explain the equatorward and poleward movements of the noon time scintillation region. Figure 3b shows that the solar elevation angle of 0°con-fines the scintillation region in the dark ionosphere. However, the solar terminator related density gradients should not produce strong impact on the scintillation statistics. If the solar terminator related density gradients could produce significant scintillations, the scintillation regions should only be found near the solar terminator instead of being confined within the dark ionosphere. A second reason to exclude the solar terminator related density gradients is that the scintillation region only migrates equatorward to 74°MLAT and it does not move further south, while the solar terminator moves to below 70°M LAT during deep winter. However, there is indeed a weak sign of movement down to~70°MLAT along with the solar terminator in November 2015 (seen in yellow color). These may be caused by the solar terminator related density gradients. However, further specific studies are needed to evaluate how effective the solar terminator related density gradients could contribute to the GPS phase scintillation. Figure 3c shows the corresponding statistics as Figure 3b but for the night time (22-02 MLT). The scintillation occurrence rates are higher during the winters of 2011-2012, 2013-2014, and 2014-2015, however , there is no movement in the scintillation region. The solar elevation angle of 0°c learly delimits regions of ''scintillation holes'' which are voids of GPS phase scintillations in the polar cap during the summer night. The lack of observed movement in the nightside scintillation region is probably due to the high latitude location of Ny-Ålesund. The auroral oval is normally south of the field of view at night. The aurora covers the field of view only during the poleward expansion of auroral oval during substorm (see e.g. Jin et al., 2016) . The GPS data are mainly from the nightside polar cap where there is no well-defined scintillation region in contrast to those in the cusp region.
NmF2
In order to present the long-term variations of the background ionospheric condition, we present in Figure 4 the NmF2 data from the dynasonde at Longyearbyen (where magnetic noon is at~09 UT). The monthly sunspot number is reproduced in Figure 4a as a guidance. The NmF2 data are divided into bins defined by 1 hour in UT and by 1 month. Note that the NmF2 data are from January 2010 to May 2015, whilst the scintillation data considered in previous subsections are from January 2010 to December 2017. The median value of NmF2 in each bin is displayed in Figure 4b . As expected, the background F region ionospheric density was high during solar maximum in 2014 and low during the solar minimum in 2010. The significant enhancements in NmF2 around March 2014 and October 2011 were associated with short-term increases of the solar activity (see e.g. Themens & Jayachandran, 2016) . The solar activity near March 2014 and October 2011 were similar, however, the NmF2 enhancement is more significant in March 2014. This is most probably due to the different solar elevation angles at Longyearbyen during these two time periods, as photo-ionization by the solar EUV radiation depends on the solar elevation (thus zenith) angle.
Similar to the mid-latitude ionosphere, the NmF2 at Longyearbyen shows clear semiannual variation, i.e., the NmF2 is higher at equinoxes than that at solstices (see e.g. Cai et al., 2008; Zou et al., 2000) . The winter anomaly (that the noon time NmF2 is higher in winter than that in summer) is not present at this latitude (geographic latitude of 78°N). On contrary, due to the lack of sunlight, the winter NmF2 is generally lower than that during summer at daytime.
During equinoxes, the NmF2 exhibits clear diurnal variation with the maximum density at daytime (magnetic noon and afternoon) and low density at night. However, the diurnal variation during winter time shows two peaks: around the magnetic noon and close to the magnetic midnight. This observation is similar to Moen et al. (2008) who reported two maxima in the NmF2 around 12 MLT and 23 MLT by using the ESR data in February 2001 and October 2002 (close to the solar maximum). They explained their observation by the transport of the EUV ionized plasma across the polar cap from the dayside to nightside ionosphere. Figure 4c shows the monthly NmF2 data around the magnetic noon and midnight in magenta and black lines, respectively, whilst the blue line is averaged over all local times. The NmF2 increased from 1.3 · 10 11 m À3 in January 2010 to as high as 7.3 · 10 11 m À3 in March 2014 as the solar activity increased. During winter it is also clear that the dayside and nightside densities are comparable, and the nightside density exceeds the dayside ones occasionally.
Note that it is not straightforward to directly correlate the GPS scintillation data and the NmF2 from the dynasonde due to the following reasons: (1) the dynasonde can only probe the ionosphere in a narrow field-of-view of about 60° , whilst the GPS data show a significantly wider field-of-view (in this study, we use data with elevation angle above 20°); (2) the NmF2 data only give information about Y. Jin et al.: J. Space Weather Space Clim. 2018, 8, A48 the F2 peak density, while the GPS scintillation can be affected by the plasma structures along the entire ray-path of the GPS receiver-satellite pair. However, in this study, we intend to use the NmF2 to present the temporal variations of the background electron density, and do not aim to study the exact relation between the GPS phase scintillation and the NmF2 data. With this in mind, we discuss the variability of the GPS phase scintillation climatology in the next subsection.
The relation between NmF2 and the GPS phase scintillations
The scintillation activity depends on the absolute fluctuations of the ionospheric electron density (DNe) rather than on the relative density fluctuations (DNe/Ne) (Aarons et al., 1981; Kivanc & Heelis, 1997; Basu et al., 1998; Carlson, 2012) . During the solar maximum, the background electron density is high, and therefore, a small perturbation of the background electron density (Ne) would produce high DNe and hence give rise to increased scintillation activity (Aarons et al., 1981) . The situation is opposite during the solar minimum because the same percentage of perturbations in the relative low electron density would result in lower DNe and thus lower scintillation levels. The same reasoning can be used to explain the decrease in the GPS phase scintillation occurrence rate from autumn equinox to winter solstice. As shown in Figure 4 , the ionospheric density was high during equinoxes and low near winter solstice.
1 The decrease in the background density accounts for the low occurrence rate of ionospheric scintillation in the middle of the winter period.
The conspicuous minimum in the summer months was observed in the amplitude scintillation at 250 MHz by Aarons et al. (1981) and Basu et al. (1988) . The echo occurrence of the SuperDARN radars was also found to minimize during summer (e.g. Ruohoniemi & Greenwald, 1997; Ghezelbash et al., 2014) . More recent scintillation studies also revealed a reduction of the GPS phase scintillations during local summer (Li et al., 2010; Prikryl et al., 2015) . It has been proposed and well accepted that the low scintillation activity during summer is due to the conducting E region which can short-circuit the power of the F region irregularities (e.g. Aarons et al., 1981; Basu et al., 1985) . In Figure 2b , we see that the short-circuit effect is so effective that the high solar elevation angle always corresponds to the low scintillation occurrence rate. More importantly, the sunlight smears the cusp signature of the GPS phase scintillation around noon, while the cusp related processes appear as a very effective source for plasma irregularities and GPS phase scintillations in winter (Moen et al., , 2013 Jin et al., 2015; Oksavik et al., 2015) . More recently, Spicher et al. (2017) studied the seasonal distribution of the large-scale plasma structures in the polar cap (i.e. polar cap patches) by using Swarm satellites. They found a clear seasonal dependence of the polar cap patch occurrence, which maximizes during local winter and almost disappears during local summer in the Northern hemisphere. In summer, the maintenance of the background electron density in the polar cap by sunlight and the enhanced loss by recombination due to the chemical composition change in the thermosphere make it difficult to produce large scale density gradients such as polar cap patches (e.g. Schunk & Sojka, 1987; Wood & Pryse, 2010) . Density gradients associated with polar cap patches are important free energy source for the production of small-scale plasma irregularities and hence the GPS scintillations in the polar ionosphere. The lack of large-scale electron density structures, such as polar cap patches, is another reason for a much reduced scintillation activity during summer, which we observe in this study.
We therefore explain the seasonal variations of the GPS phase scintillation to be the combined result of the sunlit E region ionosphere and the semiannual variation of the ionospheric electron density as well as the seasonal variation of polar cap patch occurrences.
Solar wind forcing on the GPS phase scintillations
While the solar cycle and seasonal variations of the background ionospheric electron density can explain the solar cycle and seasonal variations of the GPS phase scintillations, there are other factors, which may contribute to these variations.
One of them is the solar wind forcing. The Russel-McPherron (R-M) effect is often used to explain the semiannual variation of the geomagnetic activity which tends to be higher around the equinoxes than around solstices (Russell & McPherron, 1973) . The R-M effect arises from the semiannual variation of the difference between the geocentric solar ecliptic (GSE) and GSM coordinates (Russell & McPherron, 1973; Zhao & Zong, 2012; Lockwood et al., 2016, and references therein) . This may also affect the seasonal variation of the GPS phase scintillations, since the high latitude ionosphere is directly affected by the solar wind.
In the following, we present results of the solar wind forcing in terms of the solar wind-magnetosphere coupling function with the focus on the seasonal variation. From several available coupling functions (see e.g. Newell et al., 2007) , we choose the Kan-Lee electric field E KL (see Sect. 2.3 for more details) . However, this particular choice does not impact our results, as they do not seem to be sensitive to any coupling function. Figure 5a shows the occurrence rate of E KL > 2 mV/m between January 2010 and May 2017. Its variation with the solar cycle variation is clear: the occurrence rate of E KL > 2 mV/m is generally high during the declining phase of the solar cycle (after September 2014). When it comes to the R-M effect, the result for the coupling function does not show the predominant impact during equinoxes, in contrast to the findings by Zhao & Zong (2012) . The occurrence rate of high Kan-Lee electric field is very irregular and high values can appear at all seasons: in summers of 2011, 2012, and 2013; does not show any clear diurnal variations (i.e. variations with UT), neither. We therefore conclude that the R-M effect is unlikely to be the main cause of the seasonal variations of the GPS phase scintillation occurrence rate. More detailed discussion of the R-M effect is out of the scope of this paper, and in the following, we only compare the high values of E KL to the scintillation occurrence rate. Figure 5b shows the mean occurrence rate of the E KL > 2 mV/m over all UT. The occurrence rate was high after September 2014, and it also shows local peaks in November 2011, July 2012, and May 2013 in accordance with the monthly sunspot number in Figure 2a . Figure 5c is reproduced from Figure 2c for an easy comparison with the scintillation occurrence rate. From Figure 5b and c it follows that when the occurrence rate of E KL > 2 mV/m is high in the summers of 2011, 2012, and 2015, the occurrence rate of the GPS phase scintillation is indeed enhanced, but it is still lower than the phase scintillation occurrence rate in winter. However, when the occurrence rate of E KL > 2 mV/m is high in the winter of 2014-2015, the enhancement of the scintillation occurrence rate is the most pronounced and reaches the highest level in the solar cycle 24. This suggests that the favoring IMF and solar wind conditions could indeed enhance the GPS phase scintillation activity in the high latitude ionosphere both in summer and winter. However, the solar wind forcing is strongly modulated by the sunlight condition, such that the strongest impact of the solar wind forcing takes place near local winter, when there is not much sunlight.
Summary
In this work, we have studied the solar cycle and seasonal variations of the GPS phase scintillation from the GPS scintillation receiver at Ny-Ålesund (76.6°MLAT). The GPS data from Ny-Ålesund cover a latitudinal range of more than 10°(ranging 70°-82°MLAT). Ny-Ålesund is particularly well situated to observe scintillations associated with the cusp/polar cap dynamics on the dayside. At night the station is located in the polar cap for most of the time except during the expansion phase of substorms when it is exposed to nightside auroras.
The main findings can be summarized and explained as follows:
1. The GPS phase scintillation shows a clear solar cycle variation: demonstrating higher scintillation occurrence rate during the solar maximum and lower scintillation occurrence rate during the solar minimum. The GPS phase scintillation depends on absolute fluctuations of the electron density (DNe) rather than the relative density fluctuations (DNe/Ne) (Aarons et al., 1981; Kivanc & Heelis, 1997; Basu et al., 1998; Carlson, 2012) , and the production term of irregularities links directly to the plasma density at F2 region (NmF2), which depends on solar cycle and season. 2. The GPS phase scintillation presents clear seasonal variations: the scintillation activity is very low during local summer and high during local winter. This sharp contrast is much clearer during the solar maximum. The GPS scintillation is controlled by the ratio between the production and decay of irregularity power. The decay of the F region ionospheric irregularities depends on the E-region conductivity which is regulated by the solar activity and solar zenith angle (Moen & Brekke, 1993) . High E-region conductivity in summer will efficiently drain the irregularities that otherwise would persist. Furthermore, we note a local minimum in the scintillation occurrence near the winter solstice, which corresponds to the local minimum in NmF2 around the winter solstice. 3. In summer, the noon time scintillation occurrence is very low, and the nightside polar cap is void of scintillations. Plasma irregularities will not develop in summer since plasma gradients will be efficiently short-circuited by the highly conducting E-region. 4. The scintillation occurrence rate is generally highest around the magnetic noon except during the solar maximum when the nightside scintillation occurrence rate becomes comparable to that on the dayside. There are at least two apparent components in the explanation for the high occurrence rate at night. Firstly, during solar maximum there are higher substorm activity and poleward expansions into the field of view through which data has been recorded, and secondly, at night the NmF2 values of the plasma around Svalbard are transported from the American sector during daytime and they are highest during solar maximum. 5. The scintillation region around noon migrates equatorward from autumn equinox to winter solstice and retreats poleward from winter solstice to spring equinox in the magnetic latitude range of 74°-80°. The seasonal movement of the noontime scintillation region resembles what has been revealed by tracking the cusp location using particle data from DMSP satellites . This further strengthens the conclusion by Jin et al. (2015) that cusp auroral region is the predominant scintillation region in the dayside high-latitude ionosphere. 6. The background electron density during equinoxes exhibits a clear diurnal variation with one peak around magnetic noon, whilst the winter ionosphere shows two peaks, one around noon and one around midnight. The pronounced peak around midnight is due to the transport of plasma from the American sector across the polar cap (from day to night) . 7. The R-M effect is not likely to be the dominant cause of the seasonal variation of the GPS phase scintillation at high latitudes. However, the solar wind forcing indeed modulates the scintillation activity, and the strongest impact is in winter when the decay due to the E-region coupling is lowest. Multiple-instrument observations and simulations of the dynamical processes associated with polar cap patches/aurora and their associated scintillations'', during which the discussions leading/contributing to this publication were initiated/ held. The editor thanks two anonymous referees for their assistance in evaluating this paper.
